Abstract-This paper presents a new actuation scheme for in-plane bidirectional translation of polysilicon microelectrodes. The new Chevron-peg actuation scheme uses microelectromechanical systems (MEMS) based electrothermal microactuators to move microelectrodes for brain implant applications. The design changes were motivated by specific needs identified by the in vivo testing of an earlier generation of MEMS microelectrodes that were actuated by the Chevron-latch type of mechanism. The microelectrodes actuated by the Chevron-peg mechanism discussed here show improved performance in the following key areas: higher force generation capability (111 μN per heat strip compared to 50 μN), reduced power consumption (91 mW compared to 360 mW), and reliable performance with consistent forward and backward movements of microelectrodes. Failure analysis of the Chevron-latch and the Chevron-peg type of actuation schemes showed that the latter is more robust to wear over four million cycles of operation. The parameters for the activation waveforms for Chevron-peg actuators were optimized using statistical analysis. Waveforms with a 1-ms time period and a 1-Hz frequency of operation showed minimal error between the expected and the actual movement of the microelectrodes. The new generation of Chevron-peg actuators and microelectrodes are therefore expected to enhance the longevity and performance of implanted microelectrodes in the brain.
application. For instance, a polymer V-shaped electrothermal microactuator array was fabricated to measure the mechanical compliance of cell in biological media [8] . Kim et al . [9] have demonstrated single cell manipulation using electrothermally activated microgripper with force resolution in the nanonewton range. These examples demonstrate the potential of electrothermal microactuators for precise positioning and manipulation in biological applications. However, several challenges exist in the design, development, and performance characterization of these actuators so that they perform with a high degree of repeatability, accuracy, and reliability [10] [11] [12] [13] [14] [15] [16] . The demands on the microactuator performance are quite varied, depending on the specific biological application in question. For instance, long-term implantable applications are significantly more challenging both for the microactuators and the packaging than short-term implantable applications; applications involving cell cultures are typically more controllable than applications involving implantation in vivo. This paper focuses on microactuators specifically designed and developed for brain prosthetic applications in which the microactuators were used to move microelectrodes and monitor electrical activity of single neurons in the brain of awake behaving animals. The aforementioned application demands that such MEMS devices perform reliably over the lifetime of a patient, typically 70 years [17] . The longevity of current microelectrode implants in the brain is highly variable [18] , [19] , and there is significant degradation in neural signal quality after a few weeks of implantation [20] , [21] . Most current microelectrode arrays are fixed, with no capability to reposition them once implanted. Movable microelectrodes in combination with automatic closed-loop controls [22] are a powerful technology that gives the ability to position the microelectrode automatically, provide good quality signal-to-noise ratios [1] , and improve the yield of neuronal units recorded per microelectrode [23] potentially extending the lifetime of microelectrode implants. Earlier reports have consistently demonstrated an improved performance using motorized movable microelectrodes for neuronal recording applications in the brain [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, the aforementioned technologies to move microelectrodes do not readily allow for scaling up the number of microelectrodes to record from ensembles of neurons in the brain, which is often a requirement in brain monitoring applications. Surface micromachining of MEMS [33] enables the creation of complex microscale movable systems that can be batch fabricated using high throughput standard MEMS fabrication processes. Over the past ten years, the authors have developed, in collaboration with Sandia National Laboratories, novel MEMS-based movable microelectrode 1057-7157/$31.00 © 2012 IEEE arrays fabricated using the SUMMiT-V process [1] , [3] , [4] . It is a unique technology that gives the ability to precisely position the microelectrode array after implantation while maintaining comparable chip size and weight as that of the conventional microelectrodes.
The most recent MEMS electrothermal actuators were developed to translate the microelectrode using a Chevron-latch type of mechanism [3] . These devices were successfully implanted in rodents and were able to record neural signal activity for over 13 weeks. The aforementioned study revealed some important design requirements for the MEMS movable microelectrodes for successful operation in long-term experiments in the brain. Microelectrode movement consistently led to a significant improvement in the quality of the neuronal signal during the first three weeks after implantation. However, after three weeks, in 5 out of 11 cases, microelectrode movement did not lead to significant improvement in the quality of the signal recorded [1] . It was suspected that the most likely reason for this degradation in performance was that the microactuators were not effective in moving the microelectrodes past the glial sheath (a fibrous tissue encapsulation) [34] , [35] that typically begins to envelop the implants beyond three weeks. Consequently, microactuators with greater force capabilities than the current microactuators are expected to be more effective in moving past the glial sheath. Furthermore, implants in the previous study [1] using Chevron-latch electrothermal microactuators contained bulky moving structures like the release locks and the V-shaped central drive shuttle. The drive actuators that moved the microelectrode and the actuators that controlled the release mechanism were overlaid in two different polysilicon layers of the fivelayer SUMMiT-V process, separated only by 2 μm. As a result, their mechanical structures were complex with potential for failure in the long term. One of the eight MEMS devices in the previous study that were actuated after implantation in rodents experienced structural failures at multiple places. Thus, a new actuation mechanism where complex mechanical structures were not overlaid on top of each other was desirable to reduce the likelihood for failure in long-term experiments with awake behaving animals. It is also preferable for a biomedical implant to have minimal power requirements to minimize the number of battery recharges. Thus, the chronic experiments with Chevronlatch-microactuator-based movable microelectrodes indicated the need for a newer actuation mechanism that can generate higher forces, have less complex mechanical structures, and consume less power.
In addition, the distance moved by the microelectrode after several actuation cycles needs to be predictable in order to accurately determine the location of the implanted microelectrode in the brain at any given time. This is important as the microactuators are further incorporated in a closed-loop control to automate the actuation of the microelectrode implant in the brain [22] , [30] for autonomous prosthetic systems. For a MEMS-based system, the microactuator operating parameters (such as voltage levels, frequency of pulses, and time period of activation) directly impact the dynamics of microelectrode movement. Given the inertial and frictional forces inherent in the design of these MEMS devices, different operating parameters can lead to varying degrees of accuracy in the microelectrode displacement. Therefore, an optimization exercise [36] is done in the current study to analyze the movement of the microelectrode and determine the optimal parameter set required to operate the microactuator for minimal error in microelectrode displacement.
Finally, factors like mechanical wear, fracture/fatigue, humidity of the environment, etc., can cause considerable change in the material properties which affects the function of MEMS devices [37] [38] [39] . Prior studies have reported on the reliability of MEMS electrothermal chevron actuators fabricated using the SUMMiT-V process [40] [41] [42] . In this paper, we report and compare the lifetime analysis of the MEMS devices (the earlier Chevron-latch microactuators and the new Chevron-peg microactuators) using resistance measurements across the electrothermal microactuators while in operation. Scanning electron microscope (SEM) analysis of both MEMS devices after four million actuation cycles was done to assess failure mechanisms.
II. METHODS
The MEMS devices reported here were 3 mm × 7 mm chips that accommodate three microelectrodes capable of bidirectional (forward and backward) movement as shown in Fig. 1 . Each microelectrode is a polysilicon shank, which is 50 μm wide, 4 μm thick, and 5 mm long. There were four electrothermal microactuators coupled with each microelectrode that operate and control its movement. Spring-type leads make the electrical connection between the moving microelectrode and the stationary bond pad.
In both of the MEMS technologies (the Chevron-latch microactuator and the Chevron-peg microactuator) reported here, the microelectrodes were moved using electrothermal actuation. The electrothermal actuators were in-plane "Chevron" type of actuators. Chevron or bent-beam actuators are used extensively in high force applications and are popular in integrated sensor-actuator MEMS devices [43] . The basic structure consists of a V-shaped beam anchored at the two ends and connected to a central shuttle at its apex. When an electric current is passed through the beam, it expands due to Joule heating and pushes the apex forward. The displacement is dependent on the length of the beams and the angle of orientation. The force generated at the central shuttle is linearly related to the displacement. An important advantage of this type of actuator is that an array of beams when attached to a single central shuttle can cause a linear increase in the force output.
A. Chevron-Latch Actuation
The earlier generation of MEMS microelectrode array was actuated by a Chevron-latch mechanism and is illustrated in Fig. 1 . A detailed description of this actuation mechanism was provided in an earlier report [3] . Briefly, there were four disengage actuators that activate the "release up" and "release down" locks, respectively. The locks hold the microelectrode in position in the inactive state and release the microelectrode for movement during the active state. The microelectrode has two rows of teeth on successive layers of polysilicon constituting the microelectrode, to which the locks latch onto. The microelectrode was moved stepwise by the "move down" and "move up" actuators moving it in the forward and the backward direction, respectively. The electrothermal heat strips of the The microelectrode is capable of bidirectional movement, and a pair of disengage actuators activates the "release down" actuator that frees the microelectrode which is moved down by the "move down" actuator. The microelectrode moves up by a similar mechanism. The broken arrows indicate the direction of displacement of the actuators. (c) SEM image of the Chevron-latch mechanism showing the complex structures of dual countertranslation latches and an overlying layer of bulky drive actuators. Enlarged portion shows two rows of teeth (pointing in opposite directions) realized on successive layers of polysilicon constituting the microelectrode to allow bidirectional movement and the point of contact between the latch and the microelectrode.
"release" actuators and the "move" actuators were fabricated in two different polysilicon layers and placed one above the other, and they intersected perpendicularly.
Overall, each microelectrode was coupled to six microactuators, and the failure of even one microactuator can lead to failure in microelectrode movement. The release latches were large structures tethered to the polysilicon beams at hinge joints (refer to Fig. 1 ) and hence were susceptible for failure at these joints. Structurally, the design had multiple overlying mechanical microstructures as shown in Fig. 1(c) which impact the overall reliability and functioning of the device in the long term.
B. Chevron-Peg Actuation
The current generation of MEMS microelectrode array reported here for the first time was actuated by a Chevron-pegtype mechanism that attempts to address some of the shortcomings of the earlier Chevron-type actuators identified by long-term in vivo testing [1] . The microelectrode has a linear array of teeth spaced 6.5 μm apart at the edges. The "pawl," a peglike structure, engages the teeth of the microelectrode and locks it in position, preventing displacement in rest conditions. The new actuators have a simplified movement mechanism with only one "pawl" that engages with the microelectrode teeth as shown in the inset in Fig. 2(c) . A SEM of the drive system with the four microactuators and the microelectrodes are shown in Fig. 2(c) . It has two pairs of electrothermal Chevron actuators that perform identical function. The "forward drive" actuator and "disengage forward drive" actuator control the forward movement of the microelectrode, and the "reverse drive" and "disengage reverse drive" actuators control the backward movement of the microelectrode. The central shuttle of the drive and disengage actuators are both connected in an L-shape arrangement to a "pawl" that engages the microelectrode. A set of timed pulse waveforms were applied to these actuators to operate the pawl and move the linear ratchet/microelectrode in a given direction.
C. Design of Waveforms for Activating the Chevron-Peg Microactuators
The transient response of the electrothermal actuators to a step of voltage is modeled and is shown that the actuator takes finite time to reach steady-state displacement [13] . The time taken by the actuator to reach the steady-state displacement is called its "thermal time constant." This time constant is based on the actuator design, length of the beams, polysilicon resistivity and thermal conductivity, gap size to the substrate, air gap conduction, etc. The activation waveforms for the microactuators are therefore designed such that, each time a voltage is turned on or off for an actuator, there is a delay time that is at least equal to the thermal time constant (labeled "t" in Fig. 3 and henceforth referred to as a "time period") before the next voltage is applied to activate any of the other microactuators. This "time period" ensures that the actuator reaches thermal equilibrium and is fully extended or fully retracted due to a change in voltage.
D. Forward Movement of the Microelectrode
The movement of the microelectrode toward the external environment that is off the edge of the die was referred to as "forward" movement. Fig. 3(a) shows the timing of the waveform for actuating the microelectrode in the forward direction. The waveform was split into six time periods that constitute a full cycle of operation. The position of the actuators at the beginning of each time period is illustrated in Fig. 4 . At the beginning of time period t = 1, a step voltage was applied to the "disengage reverse" actuator that retracts the pawl from the microelectrode. It takes one time period for the actuator to fully retract. At the beginning of t = 2, the second step voltage was applied to the "forward drive" actuator, and it was displaced proportional to the applied voltage. The pawl attached to the central shuttle of the actuator caused the microelectrode to move forward in the direction of the actuator displacement. Furthermore, at the beginning of t = 3, the "disengage reverse" actuator began to cool down, and the pawl tethered to the next teeth on the microelectrode. The pawl attached to the "disengage forward" actuator was angled and still anchored to the microelectrode. At t = 4, a pulse was applied to the "disengage forward" actuator to release the pawl, and after period t = 5, the actuator cooled down to reanchor at the next teeth. Thus, in one full actuation cycle, the microelectrode moved one step which is a distance equal to 6.5 μm.
E. Optimal Parameters for Actuation Waveform
Retracting the microelectrode toward the die was referred to as the "reverse" movement. The waveforms for reverse movement were symmetrical to those of the forward movement and follow the same sequence of operation as shown in Fig. 3(b) . A critical difference is that the forward motion was achieved with the actuator operating in hot condition, and the reverse motion was achieved with the actuator operating in cold condition. The reverse drive actuator was placed opposed to the forward drive actuator, and hence, the pawl pulled on the microelectrode as the actuator cooled down. At any point of time in the actuation cycle, there was always one peg anchoring the microelectrode and keeping the spring leads in tension.
F. Optimal Parameters for the Waveform
Operating Voltage: Operating voltages for the actuators were determined experimentally. The voltage applied is proportional to the displacement of the actuators and is also proportional to the force output. On the drive actuators, the voltage applied should be sufficient to move the peg to the next tooth location. On the disengage actuators, it should be sufficient to fully retract the peg from the teeth in order to allow for the free movement of the microelectrode. There is a lower threshold voltage level, below which the actuator shows no displacement. Voltages were stepped up from 4 V in increments of 0.5 V until optimal displacements for both kinds of actuators were observed. Observations of peg location and actuator displacements were made using a video recording setup described hereinafter. Voltages above a maximum upper threshold value can cause the actuators to melt. Operating the actuators close to the upper threshold voltage can accelerate the failure of the device and increase chances for wear-out and failure. Hence, the actuation voltages were determined based on an optimal voltage level between the lower and upper thresholds of operation.
Operating Frequency and Time Period: The operating frequency of the actuator depends on the time constant of the actuator. When a voltage is applied across the actuator, it reaches a state of thermal equilibrium where the heat loss from the actuator equals the heat generation and the actuator will be at its steady-state displacement. Typically, it takes 0.5-1 ms to heat up and about 0.7-1 ms to cool down. Hence, a conservative estimate of the time constant was taken as t = 1 ms, so the period for a full cycle was T = 6 ms with an operating frequency of 167 Hz. At a time constant of t = 0.5 ms, a full cycle operation would take 3 ms. Hence, 333 Hz can be the upper bound for the operating frequency of this design. However, for the purpose of actuating the microelectrodes in the brain, much lower operating speeds are adequate and arguably even desired. Once the actuator reaches steady-state displacement at 1 ms after activation, holding the voltage levels high will have no effect on the actuator displacement, and it will remain at steady state.
The microelectrode can be operated at different speeds in the following ways: 1) Increase the time period "t" for which a voltage is applied to the actuator. Here, the microelectrode operates slowly as the same actuation cycle would take longer time to execute. Movement efficiency is tested with an increase in time period to t = 10 ms that results in full actuation cycle operation time of T = 60 ms. The increased period of operation could possibly play a role in overcoming stiction issues. 2) The actuation waveforms can be applied at different pulse repetition rates (referred to as "frequencies" here and in the rest of this paper). In this case, although one full actuation cycle takes the same amount of time to complete, i.e., 6 * t where t is the time period, the delay between consecutive actuation cycles is varied. The movement efficiency of the microelectrode is tested for frequencies of 0.1 Hz (1 actuation cycle/10 s), 1 Hz (1 actuation cycle/s), and 10 Hz (10 actuation cycles/s), which includes the range of speeds required for successful penetration of the brain tissue after the removal of the outer dura mater layer. At these operating frequencies, the microelectrode is expected to move 6.5 μm every 10 s, 6.5 μm every second, or 65 μm every second, respectively.
Reliability in Movement of the Microelectrode: In order to optimize the operating parameters for the activating waveforms, a design of experiment analysis was done. A general full factorial design was used with frequency, time period, and direction of movement as the main factors. Frequency has three continuous levels of operation, 0.1 Hz (slow), 1 Hz (medium), and 10 Hz (fast), and time period has two levels of operation-1 ms (fast) and 10 ms (slow). It is also necessary to characterize the movement of the microelectrode when it moves forward versus when it moves backward. Thus, the third factor would be the direction of movement with two discrete values-the forward and the backward movement. The experiment is run with three replicates for each set of factor levels. Replication helps in estimating internally the errors due to high-order interactions among factors that usually occur while conducting an experiment. There were two response variables for the experiment: 1) the mean error between the expected movement of the microelectrode and the actual movement as measured by the optical setup (described hereinafter) and 2) the standard deviation of the error that gives us an estimate of how variable the error is in a given run.
A design test matrix for the three full factorial design experiments with three replicates was determined. Design Expert 8.0.5 was used to determine the run orders and the design matrix for the experiment. The experiment has a randomized test sequence.
G. Experimental Setup
The die was tested in an electrical test bench. The probes in the test bench were placed on the bond pads of the actuators as shown in Fig. 2(b) . TTL pulses from the computer generated by Tucker Davis Technologies' signal processing interface (TDT technologies, Boca Raton, FL) were fed into a custom drive signal generation circuit as shown in the schematic in Fig. 5 . This circuitry allowed the manipulation of voltage, pulsewidth, and frequency of the drive signals as required. The pulse waveforms were applied in sequence to each of the probes in the test bench.
Optical Setup for Measuring Microelectrode Displacement: A custom characterization setup was built to observe the movement of the microelectrodes under different actuation schemes described earlier. A setup with an optical microscope of 120x magnification and a c-mount adapter for a digital camera was used for characterizing the movement of the microelectrodes on a probe station. The movement of the microelectrodes was recorded as a video sequence with a frame rate of 3 fps. Upon completion of the runs in the experimental design, videos characterizing the movement of the microelectrodes were obtained. The frames in the captured video were analyzed using a custom image processing algorithm in MATLAB that measured the displacement of the microelectrode between consecutive frames. A series of data points that show the displacement profile of the microelectrode with time is created. The error between the distance moved by the microelectrode as measured by the optical setup and the expected movement of the microelectrode due to the given operating parameter set was examined. The expected waveform was calculated from the frequency of actuation. For example, at 1 Hz, the microelectrode is expected to move 6.5 μm every second. An error series was calculated for each run and was defined by the following equation. The mean and standard deviation of this error series for each run were determined
Force Measurements: Force measurements were made using a flip chip packaged MEMS device secured to the tower of a stereotactic frame. The device was then lowered by using a 5-DOF micromanipulator. A load cell (Wipotec, Germany, model: MTC 10/30-ZER) was used to make the force measurements. It has a maximum weighing range of 2 g (maximum force range of 20 mN) and has a sensitivity of 0.1 mg (i.e., sensitivity to force of 1 μN). The MEMS chip was positioned above the load cell in the vertical direction such that the edge of the MEMS package was at a distance of about 2 mm from the load cell surface. The microelectrodes were extended off the edge of the die by approximately 1 mm. The microelectrode tip and the load cell surface were visualized under a stereo-zoom microscope with a digital camera connected to a display screen. The microelectrode was actuated with operating voltages as determined earlier until the tip of the microelectrode pushed on the load cell surface. The load cell was connected to the computer via a serial port, and force measurements were made once every 1 μs.
Resistance Measurements to Test Long-Term Electrical Functionality and Mechanical Wear:
The actuators were operated over four million cycles of actuation at 10 actuation cycles/s. The voltage was set at the operating voltage level at which the actuators are normally operated which is the safe zone of operation, lower than the level at which they undergo plastic deformations. The current through the actuator under displacement was measured using a digital multimeter (M3510A, Picotest Corporation, Taiwan) connected to the computer via a serial port. Resistance measurements were made at randomized intervals of time during the four million cycles. The duration of every measurement lasted for half an hour during which a reading was recorded every 25 ms. Thereby, the resistance of the actuators was sampled during steady-state displacement and zero displacement.
Failure Analysis of Microactuators: The SEMs of the MEMS device were analyzed for any structural changes or failures, presence of debris, oxidation, etc. After four million cycles of operation, the actuator strips were imaged to determine mechanical wear and physical deformations that would disrupt the actuation mechanism.
III. RESULTS
The Chevron-peg actuators required lower voltages (5.8-6.5 V) and have finer displacement resolution (6.5 μm) compared to the earlier Chevron-latch electrothermal microactuators which required 9-10 V and had a displacement resolution of 9 μm. The average voltage during one cycle of actuation for the Chevron-peg microactuator is calculated as follows: V * duty cycle for each of the three waveforms. The time period of actuation is taken as 1 ms, and hence, 6.5 V * 2 ms/6 ms is for the disengage waveforms, and 7 V * 3 ms/6 ms is for the forward actuation waveform [refer to Fig. 3(a) ]. The resistance values for the disengage actuators are approximately 295 Ω, and the forward/reverse actuators are approximately 210 Ω. Therefore, the power consumption is 16 mW/cycle to actuate the disengage actuators and 58 mW/cycle for the forward/reverse actuation. Hence, the total power consumption in the Chevron-peg type of actuator is 90 mW/cycle. The Chevron-latch type of device has two waveforms for actuation with duty cycles of 100% and 33%. Therefore, the average voltage for the two waveforms in one cycle of actuation is 9 V and 9 V * 1/3. The corresponding resistances for the latch actuators and for the forward drive actuator are approximately 230 and 300 Ω. Therefore, the total power consumption is 380 mW/cycle, with 350 mW required to release both locks and 30 mW to move the microelectrode forward in one actuation cycle. Hence, the new device with the Chevron-peg type of actuation has 76% lesser power consumption than the older generation of Chevron-latch type of actuation.
A. Optimal Parameters for the New Actuation Scheme
Operating Voltage: The Chevron-peg actuator required approximately 5.8 V and 10 mA dc to fully disengage the pawl from the microelectrode. The forward drive actuator required approximately 6.5 V and 12 mA to ratchet over one peg slot, resulting in a linear displacement of 6.5 μm per actuation. The reverse drive actuator required 7 V to move back one step. The differences in voltage requirement was because the reverse drive actuator exerted force when it was cooling down, and hence, the force applied on the microelectrode returned to zero as the actuator returned to the zero displacement position. The upper threshold voltage for disengage and drive actuators was 10 V. This was found by increasing the activation voltage until the heat strips of the actuators burned out. Hence, activation voltages in the range of 6-7 V were well within the upper threshold decreasing the chances for wear-out and failure.
B. Optimal Frequency and Time Period of Activation Waveforms
Design Expert provided statistical models that captured the effect of three factors: 1) frequency of the activation waveform; 2) time period of the activation waveform; and 3) direction of microelectrode movement and their respective interactions on the two response variables-a) mean and b) standard deviation of error in the movement of the microelectrode. The mean and standard deviation values for each run followed a normal distribution as identified by the normal probability plot of the studentized residuals as shown in Fig. 6 . Statistical analysis using analysis of variance (ANOVA) was done from the factors that most significantly affect the two response variables. In the ANOVA table generated by Design Expert, the interaction term of frequency and time period had significant impact on the mean error response with a p-value of 0.0003. Thus, frequency or time period factors individually do not influence the error rates significantly. In the ANOVA model for standard deviation response, only the direction of movement factor had significant impact with a p-value of 0.0331.
The model output graphs showed the effect of the significant factors on the model response variables. In Fig. 7 , the mean error response is minimal and is approximately zero for a frequency of 1 Hz and a time period of 1 ms. The expected and the actual waveforms for the aforementioned parameters of operation completely overlapped in both the forward and the backward direction of movement as shown in Fig. 8 . The second model graph in Fig. 7(b) shows the standard deviation of the errors in various runs as a function of the direction of movement of the microelectrode. The standard deviation of error response while the microelectrode is moving forward had lower variation when compared to the same while the microelectrode is moving backward. This was consistent with the observation that the forward movement of the microelectrode was more uniform while the backward movement of the microelectrode resulted in skips and jumps that make the error variations large.
The expected and actual movement profiles of an microelectrode actuated at 0.1 Hz with a 10-ms time period is shown in Fig. 9(a) that illustrates the skipping behavior observed in backward movement. In this case, the microelectrode skipped a few actuation cycles at approximately 500 s while the microelectrode was stuck. Repetition of the actuation waveforms allowed it to overcome the stiction at that position, and it again began moving backward. Fig. 9(b) shows the backward movement profiles of an microelectrode where the microelectrode jumped more than one peg per actuation, resulting in larger displacement than expected. The kind of movement profiles shown in Fig. 9 where the expected and the actual movement significantly differed from each other was observed in about one out of every five trials conducted.
C. Force Output
The force generated by the Chevron-latch microactuator on one microelectrode is shown in Fig. 10 . The peaks and troughs correspond to each actuation cycle. The peak force is generated when the release locks are activated and the forward microactuator moves the microelectrode down. The trough in the force data corresponds to the instant when the release locks hold the microelectrode in position before the beginning of the next actuation cycle. As shown in Fig. 10 , the average peak Fig. 11 . Force output by Chevron-peg microactuators with two heat strips. Peak force output occurs at the instance the microactuator displaces the microelectrode during the actuation cycle. The microelectrode is actuated over 20 actuation cycles and the average peak force output is calculated. Fig. 12 . Resistance measurements across the reverse actuator in the Chevronpeg type and release down actuators in the Chevron-latch type that were operated at a frequency of 10 actuation cycles/s. The reverse actuator of the Chevron-peg type shows constancy in electrical measurements. The release down actuator in the Chevron-latch type shows large variations in individual measurements that were recorded over a period of 1 h while the actuator was in operation.
force generated by the MEMS microelectrode is approximately 99.5 ± 7.5 μN. The MEMS devices used in the earlier chronic in vivo study [1] had microactuators with four thermal strips, The force generated by the Chevron-peg type of actuator on a microelectrode is shown in Fig. 11 . The actuators have two thermal strips as shown in Fig. 2 . As the microelectrode is actuated, a peak force of 250 μN is registered when the drive actuator moves the microelectrode down by one step and the microelectrode tip touches the load cell. Each actuation cycle is for 60 ms as the time period t = 10 ms, and the waveforms for actuation are as shown in Fig. 3 . The force output varies in accordance with the actuation cycle, and the peak is recorded every time the microactuator moves the microelectrode. At the end of the actuation cycle, the microelectrode is held in position by the disengage microactuators and exerting a resting force of approximately 150 μN corresponding to the microelectrode being pressed against the load cell in the new position. After the initial 12 actuation cycles, the microelectrode has already moved approximately 80 μm, and a marginal decrease in the peak output force is observed as a result of buckling in the microelectrodes.
D. Resistance Measurements for Lifetime Analysis
Electrical resistance measurements were made over four million cycles of operation of the microactuator. Resistance across the reverse drive actuator in the Chevron-peg-type device (n = 3) and release down actuator in the Chevron-latch-type device (n = 6) were measured while the actuators were in operation. They were operated at 6.5 and 9 V, respectively. The mean and standard deviation of all the resistance values were calculated and plotted as shown in Fig. 12 for n = 1 devices in both cases. The results for all samples were typical of the results shown here. The Chevron-peg-type actuator showed fairly constant resistance across four million cycles of operation as evidenced by the smaller error bars in Fig. 12 . The Chevronlatch actuator showed deviations in resistance across four million cycles of operation with large variations across individual readings.
E. Failure Analysis in Microactuators
The Chevron-peg type of actuator remained functional even after four million cycles of operation. No structural deformations were observed after four million cycles of operation. The Chevron-latch actuator failed to operate beyond four million cycles of actuation. A SEM analysis was done to determine the reasons for failure. SEM micrographs documenting the different mechanisms of failure in these MEMS devices are shown in Fig. 13 . Mechanical wear was the dominant failure mode as seen here. Pin joints, substrate hinges/tether points, and hubs TABLE I  COMPARISON BETWEEN THE TWO TYPES OF ACTUATION MECHANISMS were critical points of failure as observed in Fig. 13(a) . Failure by fracture due to fatigue was a dominant failure mode largely due to the tethering of the release lock (a large mechanical structure) by a thin beam which induces large stresses and results in fatigue and wears at the joint over 4 × 10 6 continuous actuation cycles. An enlarged view of the broken hinge can be seen in Fig. 13(b) . Fig. 13(c) and (d) shows failure in the electrothermal strips of the microactuators. Oxidation and plastic deformation of the beams can be observed in the beams on the left-hand side of Fig. 13(c) . The electrothermal strips on the right-hand side have melted. In Fig. 13(d) , mechanical failure in the electrothermal strips has occurred due to creep, and there is ductile separation. Fig. 13(e) illustrates deformation in the beam that orients the release lock with the teeth of the microelectrode, as a result of which the teeth and locking structure are misaligned. Each of the aforementioned failure modes can be catastrophic to the operation of the device.
IV. DISCUSSION
In the new devices with Chevron-peg microactuators, the microelectrodes have a single set of teeth along the length on either side (compared to two successive layers of teeth on each side of the microelectrode in the Chevron-latch actuators) that results in more reliable grasping of the microelectrode by the actuators. Furthermore, overlying thermal strips were eliminated and have significantly reduced the polysilicon surface areas that come in contact during actuation. The bulky dual countertranslation latches that were prone to fatigue failure in the earlier actuation mechanism are replaced by a simple pinlike design in the new actuation mechanism. Therefore, the new generation of microactuators and microelectrodes is expected to be less prone to mechanical failure in the long term.
The current generation of devices with the Chevron-peg actuators is a low-power design with lower supply voltages that is preferable for long-term implantable applications. Table I summarizes the design improvements in the Chevron-peg type of actuation mechanism.
The Chevron-peg type of actuation produces force per heat strip that is twice as large as that of the previous Chevron-latch type of design with almost 30% decrease in the voltage levels applied for actuation. The actuators in the Chevron-latch type and the new Chevron-peg type are both of the Chevron style bent-beam thermal actuators. The output force of a Chevron style thermal actuator increases with the increase in the width and thickness of the thermal strip [48] . The actuators in the Chevron-latch design have a rectangular cross section with dimensions of 2.25 μm (thickness) and 2.2 μm (width). While the actuators in the Chevron-peg type of actuator have two rectangular cross-sectional dimensions of 2.25 μm (thickness) and 5 μm (width) each with an intermediate V-shaped cross section of 2 μm (thickness) and 2 μm (width). This increase in the cross-sectional area of the Chevron-peg type of actuator is the reason for the increase in force output.
The average force output increases linearly with the number of actuator legs. The new MEMS devices have three Chevronpeg actuators as shown in Fig. 2 , where the left and the right microelectrodes have drive actuators with five heat strips each and the middle microelectrode has microactuators with ten heat strips. Thus, these devices are capable of generating a maximum force output of approximately 550 μN (on the left and right microelectrodes) and 1 mN (on the middle microelectrode), respectively. We have determined that the force required to penetrate an ex vivo brain using polysilicon microelectrode moved at 10 μm/s was about 200 μN (unpublished data). However, the forces required to penetrate the glial sheath in long-term implantation are unknown and can only be estimated from acute measurements in the brain [34] , [44] , [45] . Force output in the current generation of devices has increased by approximately three times on the left and right microelectrodes and five times on the middle microelectrode. The increased force is expected to enable movement in the brain for a longer duration of time.
The results from experiments to optimize the operating parameters of the activation waveforms in the Chevron-peg microactuators indicate that frequency or time period alone does not influence the error between the actual and expected microelectrode displacement profiles. It is the interaction of these two factors that determines the error values. In about 2/3 of the runs to test microelectrode displacement, the error values are within the 30% range. During the forward movement of the microelectrode, the error values increase to approximately 30% error during the initial phase as the microelectrodes just begin to move, before settling down to a steady-state value. This steady-state error value is the cumulative error from the previous cycles. Inertial and static frictional forces appear to play a significant role in determining microelectrode displacement errors during the initial phase when the microelectrodes are about to move as shown in Fig. 14 . However, once the microelectrode is in motion, there appears to be no further errors in displacement as indicated by the steady-state values for the cumulative errors. This is in contrast to variations in the error seen when the microelectrode is moving backward. Although the range of error percentages is comparable to the range seen during forward movement, the standard deviation of error is large for the runs when the microelectrode is moving backward. This is also verified by the statistical model where the standard deviation of error is only influenced by the direction of movement of the microelectrode and is seemingly unaffected by the frequency or time period of the activation waveforms or their interaction. The large variations during the backward movement of the microelectrode can be attributed to the slipping issues discussed earlier. However, the slipping issues are more prominent as the microelectrode gets retracted further into the chip. This is probably because of the reduction in the spring force (that acts in the direction of the backward movement of the microelectrode) as the spring attached to the microelectrode begins to relax while the microelectrode is drawn into the chip, and the resistive forces due to friction become more dominant. The displacement error when the microelectrode is extended far out from the edge of the die is less variable.
The following reason can also potentially contribute to the slipping seen during backward microelectrode movement. In the current design, the reverse actuator pulls the microelectrode back while cooling down. As the actuator cools down, it pulls back to its zero displacement position. Consequently, the actuator exerts force with a receding profile that diminishes to zero as the actuator reaches its zero displacement position. Therefore, in the presence of frictional forces, the actuator may not fully reach its zero displacement position. This can result in slipping as the actuator does not pull back far enough to ratchet over the next tooth and the microelectrode will not move at all.
In order to overcome slippage during backward movement, the reverse actuator could be operated at a higher voltage such that it extends out more than one peg each time and the actuator would have at least crossed one peg when resistive forces are present. Another way to avoid slippage during backward movement would be to operate the reverse actuator also in the hot condition similar to the forward actuator. However, this option is less desirable. There is approximately 20-MPa residual stresses in the polysilicon due to the fabrication process [46] . Packaging will add to the stresses in the die as well. Any stress in the actuator beams will cause the thermal actuators to have some small nonzero displacement even when unpowered. This might result in the reverse actuators and forward actuators becoming misaligned with respect to the pegs on the microelectrode, resulting in the failure of the MEMS device. Thus, arranging the actuators as in the current scheme, with one operating hot and the other cool, fixes this problem and causes the actuators to be insensitive to stress issues. An additional advantage of the symmetric placement of actuators is that it allows the device to function even when one of the drive actuator fails. When either one of the forward or reverse actuators fails, the waveforms for the disengage actuators can be switched, and the functional actuator can be made to operate in the hot or cold condition, thus moving the microelectrode forward or backward.
Slipping issues during the backward movement of microelectrode were also observed in the Chevron-latch mechanism during actuation experiments on the electrical test bench. In this design, the microelectrode has two rows of teeth oriented in opposite directions. The forward lock holds the microelectrode at the top layer while the backward lock holds the microelectrode at the bottom layer of teeth as shown in Fig. 1(c) and (d). Small misalignments on the order of 2-3 μm could cause the latch to interlock in the wrong position and jam the microelectrode. This was observed in both the forward and the backward movement of the microelectrode. Repeated pulsing of the actuators could create enough force to move the microelectrode again. Also, the spring attached to the microelectrode could often exert enough force during backward movement to pull the microelectrode back more than the expected number of steps. The design was improved with a peg interlock that holds the microelectrode in place by opposing a single layer of teeth in the Chevron-peg type of actuation mechanism to prevent any such vulnerability to misalignment. However, these movement irregularities were not observed when the microelectrode was implanted, as the friction between the microelectrode and the brain tissue prevented misalignments and the spring force was not sufficient to pull back the microelectrode.
The electrical resistance measurements were sampled as the actuator was in the dynamic state of transition, from steadystate displacement to zero displacement in the actuation cycle. The actuator resistance increases significantly with heating (because resistivity of polysilicon is a strong function of temperature), and the variations seen during individual measurements may be attributed to this. However, both the Chevron-peg and the Chevron-latch actuators were sampled at various points of the heating and cooling cycle. The lower variations in resistance in the linear-ratcheting actuators could be due to better heat dissipation. Changing resistance implies change in the material properties of the legs of the actuator and mechanical deformations that affect its electrical functionality. The large variations in resistance measurements in the Chevron-latch microactuators could be due to two causes: 1) The actuators are coupled to bulky release locks that could cause excessive strain and material degradation during displacement, and 2) a higher voltage is applied for actuation, and the legs of the actuator are shorter, so the heat generation is more and the area available for heat dissipation is less. The SEM images of the Chevron-latch type of microactuators after four million cycles of actuation indicate wear in the actuator thermal strips, fracture at hinge joints, and creep failure. It is known that creep rate in polysilicon increases as temperature increases [47] . The higher heat dissipation in the Chevron-latch actuator can further accelerate plastic deformation. The resistance of the actuator beams in the Chevronpeg-type actuator is lower than that in the Chevron-latch-type actuator which lowers heat dissipation and thus decreases the possibility of failure due to creep. After four million cycles of operation, the Chevron-peg actuator was still functional.
The mechanism for fracture due to wear is described by van Spengen [39] . Polysilicon in air is always covered by a thin native oxide layer. A small crack can develop on the surface of this oxide layer which propagates by stress corrosion cracking mechanism. When the externally applied stress is large enough, crack growth is observed leading to the oxidation of deeper polysilicon layers. This could be the possible mechanism of failure in Fig. 13(a) . In the Chevron-peg type of actuator, such joints where there is high concentration of stresses are eliminated by constructing a simple pinlike structure that tethers to the microelectrode.
V. CONCLUSION
We report here a new Chevron-peg microactuator that performs better than the Chevron-latch microactuator for potential implantable long-term brain prosthetic applications. The optimal operating parameters for activating the Chevron-peg actuators were first determined through an exhaustive set of experiments with different operating parameters and subsequent statistical analysis. The optimal parameter set for the activation waveforms to move the microelectrode forward and backward was determined. The new MEMS devices with Chevron-peg microactuators generate twice as much force per heat strip compared to that with the Chevron-latch microactuator, appear to be mechanically robust due partly to less complexity in their mechanical structure, consume less power, and have finer movement resolution. Lifetime analysis using resistance measurements and SEM analysis after four million cycles indicate that the Chevron-peg microactuators may be less prone to failure than the earlier Chevron-latch microactuators. We therefore conclude that the MEMS movable microelectrodes with Chevron-peg microactuators are likely to perform better than that with the Chevron-latch microactuators in longterm brain implant applications. His research efforts were in the area of onchip actuation of MEMS bistable mechanisms. He is currently a Principle Member of the Technical Staff in the Advanced MEMS Department at Sandia National Laboratories, Albuquerque, NM. His research interests in MEMS include compliant mechanism design, acceleration switches, relays, and methods of actuation.
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